Introduction

P
hotochemistry is the study of photochemical reactions between light and molecules. Photochemical reactions can occur in natural processes such as photosynthesis of plants and in pathological processes such as photoaging of skin. Biomedical applications of photochemistry have been established in the last few decades in various disciplines, including oncology, molecular biology, and biosurgery. Recently, application of photochemistry in biomaterials and tissue engineering has started to gain increasing attention. Sharing similar basic mechanisms of photochemistry, these applications do differ in many aspects, including target molecules, molecular actions, light source, and optical window. In this review, the author aims to revisit the basic components and mechanisms of photochemistry, review biomedical applications in various disciplines with particular emphasis on tissue engineering, and discuss the challenges and research opportunities. Terminology used in this work is defined in Appendix I.
Photochemistry
Photochemical reactions are chemical reactions produced when photons are absorbed by either the target molecules or a third party, which may serve as the sensitizer/initiator/ crosslinker of the reactions. After absorbing the photons, the target molecules or the third-party molecules are elevated to higher energy levels. When these molecules fall into lower energy levels, the energy may pass to generate some highenergy species, which are reactive to surrounding molecules, including the target molecules. 1 
Components
Photochemical reactions require at least two components: the light source, which provides the photons, and the target molecules, which are able to react with the high-energy species produced by the system. Sometimes a third component, photosensitizer, photoinitiator, or photocrosslinker, may also present to mediate the photochemical reactions.
Light source. Electromagnetic radiation is a form of energy exhibiting both wave and particle properties. The whole electromagnetic spectrum consists of waves of different wavelengths covering from very short gamma rays to very long radio waves. Radiations at the central part of the light spectrum including ultraviolet (UV) light at 200-400 nm, visible light at 400-760 nm, and near infrared (NIR) light at 760-1000 nm are the commonly used energy source for photochemical reactions in various disciplines (Fig. 1) . The electromagnetic wave consists of discrete packets of energy called photons, which can be emitted and absorbed, and therefore are transporters of energy. The energy of each photon is inversely proportional to the wavelength of the light. As a result, a photon of the UV radiation at 300 nm has twice the energy of a photon of the visible radiation at 600 nm. It is generally true that photons that have higher energy can cause different types of photochemical reactions.
elsewhere for detailed methods. 5, 6 Second, different molecules or chromophores absorb photons of light with specific wavelengths. This absorption characteristic is determined by their molecular structures.
A number of light sources can be used. Natural sun light or daylight is difficult to control in terms of its energy and intensity and therefore is hardly used as a light source for photochemical reactions. Artificial light sources using devices emitting light, which covers different regions of the electromagnetic spectrum, are usually used. Xenon lamps produce Xenon light, which is a bright white light that closely mimics the natural daylight, by ionized xenon gas. Lasers are devices that are able to emit light with a narrow wavelength spectrum or coherent light, whereas most other light sources emit incoherent light. The advantages of using lasers as the light source include the coherence and the amplified light intensity. Light-emitting diode (LED) is another useful light source based on semiconductor components. Modern LEDs are available across the visible, UV, and infrared wavelengths, with very high brightness. 7 No matter what light source is to be used, it should possess the ability to control various process parameters such as power, intensity, and rate of emission, as these parameters are important in determining the efficiency of photochemical reactions.
Target molecules. For a photochemical reaction to occur, photons emitted by the light source must be absorbed by the target molecules, which are the molecular moieties that the photochemical reactions target at and are therefore application dependent. For examples, molecular structures in a cancer cell are regarded as the target molecules if the application is to kill cancer cells in photodynamic therapy (PDT), while the molecular structures in severed tissue edges are regarded as the target molecules if the application is to weld tissues during surgery. Therefore, the absorption spectrum of the target molecule has to match well with the optical window of the light source. For examples, most nucleic acids and amino acids in biological systems highly absorb photons in the UV region, pigmented molecules such as bilirubin and hemoglobin in biological systems highly absorb photons of the visible region with l max at 460 and 410 nm, respectively, while absorption of most biomolecules at the NIR region is very low. Upon absorption of photons, a molecule is said to be in an excited state that contains higher energy than the ground-state molecule (Fig. 2) . The excited molecules undergo different chemical and physical processes, including emission of light in terms of fluorescence and phosphorescence, formation of photoproducts, and generation of heat. 1 In addition, the target molecules should also have the right chemistry to react with the reactive species or photoproducts generated upon photon absorption. Moreover, the presence of interfering molecules would affect the efficiency of photochemical reactions. For example, the presence of melanin in melanocytes and hemoglobin in capillaries 8 significantly affects the interactions between light and collagen, which is the main target molecule in skin tissues.
Photosensitizer. When target molecules do not absorb light at certain wavelengths, or cannot be activated to produce appropriate photochemical reactions directly by light (e.g., nonpigmented collagen in human tissue does not readily absorb visible light), photosensitizers, which are usually fluorophores, that are able to absorb light at a particular wavelength, will be used to bind or stain the target molecules so as to mediate the light absorption and the subsequent photochemical reactions. Different generations of photosensitizers have been developed for PDT. 9 These photosensitizers are shared by other disciplines. Different photosensitizers have specific optical properties such as absorption, emission, and fluorescence across the electromagnetic spectrum. It is important to match these characteristics with the respective wavelength used in the light source so as to assure maximal absorption. Light source with spectral wavelength matching the absorption maxima of the photosensitizer is usually selected. Another consideration for selecting photosensitizers is their quantum yield, which defines the yield of photoproducts, which are directly associated with the extent of photochemical reactions such as crosslinking, when the same amount of photosensitizer absorbs photons. 10 As a result, photosensitizers with high quantum yield such as rose Bengal and porphyrins are excellent candidates for photochemical reactions. 11 Photosensitizers do not necessarily need to have the right chemistry to react with or bind to the target molecules, but 
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there should be a mechanism for the photosensitizers to stay in proximity to the target molecules. This is because photochemical reactions also occur through indirect mechanisms in addition to the direct mechanism. This shall be described in the subsequent section.
Mechanisms
Photochemical reactions in different disciplines share similar mechanisms via two competing pathways, direct and indirect (Fig. 3) . Readers are directed to elsewhere for detailed description of the mechanisms.
12-14
Direct (type I) mechanism. In direct (type I) mechanism, the light-activated photosensitizer interacts directly with the surrounding target molecules to form covalent crosslinks. 15 Specifically, the activated photosensitizer reacts with oxygen or other adjacent molecules, including themselves, by electron transfer or hydrogen abstraction to form free radicals, which may further react with molecular oxygen to form reactive oxygen species such as hydrogen peroxide and hydroxyl radicals. 12, [16] [17] [18] In type I mechanism, the activated photosensitizer may form free radicals that are reactive to the target molecules and therefore consume themselves in the reactions.
Indirect (type II) mechanism. The presence of oxygen is necessary for the indirect (type II) mechanism to occur. In brief, the light-activated photosensitizer transfers energy to ground-state oxygen, thereby producing reactive singlet oxygen molecules, which are higher-energy oxygen molecules oxidizing the surrounding molecules. 15, 19 Moreover, the site of photochemical reaction is largely determined by the localization of the photosensistizer. 20 This is attributable to the short radius of action of singlet oxygen. 21 This characteristic is important as spatial control of the photochemical reaction can be administered by controlling the localization of the photosensitizer. Further, in type II mechanism, the activated photosensitizer returns to its ground state after energy transfer to molecular oxygen, and therefore recycles itself for another round of reaction. 22 Evidence of covalent bond formation. Evidence of covalent bonding formation in photochemistry mainly comes from research in protein crosslinking. It has been suggested that some amino acid groups such as tryptophan, tyrosine, 23 histidine, 23, 24 cysteine, and methionine 23 are vulnerable to photochemical reactions 15, 25 ; however, it has also been proposed that the crosslinking in proteins is nonspecific and the actual crosslinking sites could not be accurately located. 25 The covalent nature of the photochemical reactions has been suggested by the reduced motility of crosslinked soluble proteins such as fibrinogen 16 and lens protein crystallins 15 upon sodium dodecyl sulfate-polyacrylamide gel electrophoresis in the presence of light and photosensitizing reagents.
Biomedical Applications
This section reviews the biomedical applications of photochemistry in four disciplines-namely, oncology, molecular biology, biosurgery, and tissue engineering, with particular emphasis on the last. Table 1 summarizes and compares various aspects of these disciplines such as history, applications, target molecules, molecular mechanism, light source, optical window, and key challenges.
PDT in oncology
PDT is a treatment modality using photosensitizer and light and the subsequent photochemical reactions to kill cancer cells. PDT has been developed as an alternative cancer treatment for more than 40 years 26 and is the most wellknown and established biomedical application of photochemistry. Readers are directed to reviews of PDT. [12] [13] [14] 27 Both type I (direct) and type II (indirect) photochemical pathways are involved in PDT, [12] [13] [14] while the indirect pathway with the formation of singlet oxygen is dominant. 28, 29 Although the exact mechanism of cancer killing by PDT is not fully understood, direct cytotoxicity on cancer cells via necrosis and apoptosis and indirect vascular effects and immunomodulation have been suggested. Direct cytotoxicity is aided by incorporation or binding of photosensitizers to subcellular organelles such as plasma membrane, lysosomes, Golgi apparatus, rough endoplasmic reticulum, and mitochondria. 13 Cell necrosis is manifested by cell swelling, bleb formation, and shedding of vesicles containing cytosolic enzymers, 13 whereas apoptosis is mediated by cytochrome c released from mitochondria and caspase 30 of photosensitizers to various subcellular organelles. Second, vascular effect refers to the hypoxia and anoxia of tumor tissue where the vasculature has been damaged due to effects of PDT on platelet activation and the subsequent thrombus formation and endothelium damage. [31] [32] [33] Third, when the PDTdestroyed cancer cells are phagocytosed by macrophages and the cancer cell antigens are presented via antigen-presenting cells to the host immune system, enhanced immune response toward cancer cells may be resulted. 34 Selective photosensitizer localization in target tissues and cells and the presence of sufficient concentration of molecular oxygen are important in assuring effective PDT. This is because of the short life span (<40 ns) and the short diffusion or action distance (<0.02 mm) of singlet oxygen. 21 Although the exact mechanism of preferential localization of photosensitizer in tumors is not entirely understood, low-density lipoprotein (LDL)-receptor-based uptake, hydrophobicity of the photosensitizer, lower pH in tumor, leaky vasculature, and poor tumor lymphatics have been suggested as the factors affecting the tumor specificity of photosensitizer. 13 Laser light source is dominant in PDT.
14 This is because of the high-energy coherent and monochromatic nature of light at a specific wavelength delivered by lasers and its easy and direct delivery through optic fibers into the target tissues in the human body. The right optical window between 600 and 800 or 1200 nm covering the visible and IR region has been identified in PDT. 12, 13 This is because, first, this window matches well with the absorption spectra of endogenous chromophores such as hemoglobin, melanin, and cytochromes; second, light at this spectral region is still energetic enough to produce singlet oxygen; and, third, this window has much better optical penetration depth into tissues. 12 
Gene regulation study in molecular biology
Photochemical crosslinking has been used as a powerful method for studying protein-nucleic acid interactions in the field of molecular biology. 35 Protein-nucleic acid interactions in particular binding of transcription factors, which are usually proteins with specific target genes, are important in gene regulation. Rapid fixation or freezing of the specific binding between proteins and gene sequences at specific binding sites can be aided by photochemical crosslinking using light source dominated by UV, including inexpensive germicidal lamps 36 and pulsed UV lasers. 35 Frozen or snapshots of protein-nucleic acid complexes formed at different experimental conditions at different time points can be generated for subsequent analyses, including identification of specific proteins crosslinked to the complexes by immunochemical techniques, and identification and quantification of DNA sequences covalently attached to a given protein using hybridization techniques. 35 By crosslinking the proteingene mixtures or cell nuclei at different time points, important kinetic and mechanistic studies of gene regulation, such as the TATA-binding protein adenovirus E4 promoter pair and the amyloid b-protein (Ab) neurotoxic oligomer pair, 17 can be 
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conducted. Three factors made the photochemical crosslinking useful in studying the protein-nucleic acid interactions. First, both amino acids and nucleic acids strongly absorb UV light, thus making them suitable target molecules for photochemical crosslinking. Second, photochemical crosslinking is a localized process where only molecules in proximity, such as those specifically bound with high affinity, can be crosslinked, thus minimizing the background produced by unbound or loosely bound molecules. Third, penetration depth is not a limiting factor in the process, as molecular complexes in diluted solutions, rather than thick tissue or dense matter with significant scattering, are crosslinked. The mechanism of UVmediated photochemical crosslinking in gene regulation studies is mainly type I (direct) mechanism. In brief, the molecules absorb photons, and by electron abstraction, they generate free radicals, which further react with adjacent reactive amino acids such as His, Met, and Tyr to form covalent complexes. 17 Comparing with other crosslinking methods, photochemical crosslinking offers superior results as it results in high yield (*80%) of crosslinked products in a very short period (<1 s) without complicated modifications of proteins. 17 
Photochemical tissue bonding in biosurgery
Photochemical tissue bonding (PTB) presents another biomedical application of photochemistry and focuses on the surgical modalities of tissue repair, aiming to bond tissue edges or surfaces together. Surgical tissue repair is aided by either traditional suturing techniques or bioglues, but the former depends on the skills of the surgeons and is time consuming, whereas the latter triggers unfavorable immune reactions. Sutureless repair using laser welding techniques has been developed for decades, 37 but the thermal nature of the welding procedure damages cell and tissue at the repair site, which may create complications. On the other hand, PTB has the advantage of being a nonthermal, rapid, and controlled technique. Physiological relevant temperature (below 408C) is involved in the bonding procedure.
2 PTB is also a procedure inducing minimal cell and tissue damage, demonstrating that it is a safe procedure. Over the last decade, the feasibility and safety of using PTB in repairing multiple tissue systems in skin, 2,38 cornea, 39,40 meniscus, 41, 42 tendon, 3 blood vessel, 43 and nerve 44, 45 have been demonstrated. PTB shares the same mechanism with PDT because of the similarity in tissue-light interactions and the same photosensitizer systems used such as xanthenes 2, 3, [38] [39] [40] [43] [44] [45] and naphthalimides, 41, 42, 46 and similar light sources using visible lasers. Unlike PDT, extracellular matrix such as collagen, rather than cells, is the main target molecule for bonding in PTB, based on early studies demonstrating the photochemical crosslinking effect of collagen type I fibrils or other proteins. 47, 48 Although cells at tissue edges or surfaces are not the main targets for PTB, cell damage has been reported in the bonded tissues, including meniscus 41 and skin. 2 Such cell damage has been suggested to associate with the thermal toxicity of laser irradiation at high irradiances (1.68 and 1.8 W/cm 2 ) 2,41 and the inherent photosensitizer toxicity. 41 Similar to PDT, light and photosensitizer doses are important parameters determining the effectiveness of PTB. It is generally agreed that photosensitizer dosage 2, 3, 39, 40, 42 and laser fluence rate ( J/cm 2 ) 2,3,42 significantly affect the outcomes of PTB in terms of mechanical properties of tendon and menisci, 3, 42 adherence properties of skin grafts, 2 and intraocular pressure of cornea. 40 Similar to all light-tissue interaction processes, optical penetration is certainly a limiting factor in PTB because different tissues have different scattering, refraction, and absorption properties. As a result, measurement of effective optical penetration depth should be accompanied by all PTB studies in different tissue systems. For example, argon laser at 514 nm has an effective penetration depth of *350 mm in skin 49 and *680 mm in tendon. 3 This information is important to determine the maximal thickness of tissues that can be effectively bonded. For PTB to be effective, tightly approximately tissue edges with molecular contacts are necessary, as photochemical crosslinking is localized.
Photochemical crosslinking and polymerization in tissue engineering
There are increasing interests in using photochemical crosslinking as a biomaterial processing technology and photopolymerization as a biofabrication technology in tissue engineering.
Advantages over chemical and physical methods. Crosslinking methods, either chemical or physical, 50, 51 have been used to improve the properties of biomaterials, but they have significant limitations. 52 Chemical means such as glutaraldehyde crosslinking is a widely used approach and is most efficient in producing the highest mechanical strength in scaffolds compared with other chemical reagents. 53 However, problems such as induction of cytotoxicity and calcification in host tissue due to incomplete removal of the toxic residues, aldehydes, and other metabolites are evident. 50, 54, 55 This compromises the biocompatibility of the scaffolds.
Other chemical crosslinking reagents such as carbodiimide and its derivatives may alleviate the potential biocompatibility drawback, but the crosslinking process is very time consuming. 56, 57 Finally, it is difficult to exert spatiotemporal control over chemical crosslinking process, as the crosslinking process immediately starts as the target molecules are mixed with the crosslinking reagent in solutions.
Physical crosslinking can be achieved by heat 51 and dehydrothermal treatment, 58 and gamma-irradiation. 56 In general, physical crosslinking usually uses either very highenergy radiation such as UV and gamma, or high temperature and pressure to melt or solder the materials together. Most, if not all, materials with inferior physical properties have absorption of these high-energy sources and can react with these means. In other words, as long as the temperature can melt these materials, they can be physically bonded together. However, these methods usually have to denature or destroy the materials first before crosslinking together, thus compromising the stability of biomaterials via thermal degradation 51, 56 and protein denaturation. 57, 58 These methods are also very time consuming, usually requiring hours to days. 57, 58 Photochemical crosslinking has been used to modify the properties of biomaterials in 2000s. Comparing with chemical and physical crosslinking, photochemical crosslinking possesses several important advantages. First, it is a controllable process with many controllable parameters such as laser energy, power density, fluence, and photosensitizer concentration. Second, photochemical crosslinking has certain selectivity in where to crosslink. In other words, spatial control over the crosslinking process can be exerted. Selectivity is achieved as photochemical crosslinking only occurs when both light and photosensitizer present and when the target molecules are at the proximity of the photosensitizer and light. 20 Third, temporal control can be exerted over the process. Reaction can be triggered by, first, combining the photosensitizer with the target molecules in darkness and then switching on the light source, or reaction can be easily terminated by turning off the light source at any time. Fourth, photochemical crosslinking is a rapid and efficient process. The duration of photochemical crosslinking usually ranged from seconds to minutes. The efficiency of photochemical crosslinking is usually high with the high yield of crosslinking up to 80%. 17 This is partially achieved by selecting photosensitizers with high quantum yield. 1, 11 Finally, photochemical crosslinking has little toxicities comparing with other crosslinking methods.
Biomaterials suitable for photochemical crosslinking and polymerization. Not all biomaterials are able to be photochemically crosslinked. Readers are directed to the review on different types of materials able to be photochemically crosslinked. 18 Hydrogels and natural biomaterials, including proteins, glycoprotein, and carbohydrates, need modifications on their physicochemical properties via crosslinking because these materials usually have poorer physicochemical properties comparing with other biomaterials such as ceramics and synthetic polymers, although with better biocompatibility.
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Nevertheless, whether a material can be photochemically crosslinked also depends on factors such as its chemistry and optical properties. First, materials suitable for photochemical crosslinking need to have the right functional group for the photosensitizer to bind and interact. For example, photochemical crosslinking of collagen-rich tissues such as skin 2 and tendon 3 and collagen gels 4, 59 using rose Bengal as the photosensitizer is easy, but crosslinking of proteoglycan-rich tissue such as cartilage and meniscus is difficult because rose Bengal does not readily bind to the negatively charged proteoglycans (unpublished data). Second, the optical properties of the material should not adversely interfere with the absorption properties of the photosensitizer. For example, tendon tissue with shiny white appearance reflects a lot of light and therefore results in lower effective optical penetration depth (d eff ) (680 mm) 3 compared with the nearly transparent collagen gel where the d eff has been found to be *30 mm. 4 The optical properties of the material itself, collagen gel in this case, would greatly affect d eff in the presence of the lightabsorbing photosensitizers, rose Bengal in this case, as d eff reduces exponentially as the concentration of the photosensitizer increases. 4 Major applications in tissue engineering. Among different disciplines, tissue engineering finds most broad and diversified applications for photochemistry. This section reviews the major applications of photochemistry in tissue engineering.
Stabilization of acellular scaffolds: Photochemical crosslinking has been used to stabilize acellular tissues or prostheses particularly for cardiovascular tissues. 24, 60 It is demonstrated that the main target molecules for photochemical crosslinking in the acellular tissues is collagen. 23, 61 Xenogenic and allogenic pericardium, small-diameter blood vessels, 62 and heart valves 24, 63 have been modified by photochemical crosslinking with retained texture, pliability, and shrinkage temperature comparing with the untreated acellular tissues but with improved chemical, enzymatic, and in vivo stability. 62, 64 Comparing with chemically processed acellular tissues, photochemically crosslinked tissues are noncalcifying, 62, 63 nonimmunogenic, biocompatible, 65 and noncytotoxic. 66 Improvement of the physicochemical properties of biomaterials: Photochemical crosslinking has been used to modify and improve the physicochemical properties of biomaterials, in particular, hydrogel and natural biomaterials such as collagen, 4, 59 fibrinogen, 67 and alginate. 68 Mechanical properties, including tensile 3,4,69 and compression 4 properties, have been significantly improved such that the processed materials can be used for load-bearing applications. In vitro thermal stability 59 and in vivo tissue stability 4 of the processed biomaterials have also been improved. Many hydrogel-based and natural biomaterials swell rapidly upon hydration. This not only speeds up biodegradation but also leads to rapid loss in mechanical integrity. Photochemical crosslinking significantly improved the swelling properties of hydrogels made of collagen, 4, 59 alginate, 68 and dextran. 70 Surface modification for improvement of biocompatibility: Surface modification of biomaterial surface via photochemical reactions has been used for many years. [71] [72] [73] One important surface property improved by photochemical modification is the hematocompatibility of thrombogenic materials such as titanium, polyurethane, and collagen. UVbased photochemical process has been used to couple fibronectin to titanium surface 74 and heparin to polyurethane, 75 whereas visible light has been used to crosslink polyurethane film 76 and collagen hydrogel, 4 all to reduce thrombogenicity with reduced platelet adhesion and fibrin mesh formation. The improved hematocompatibility enables the cardiovascular applications of these processed material. Immobilization of bioactive factors to the surfaces of certain biomaterials via photochemical reactions is also commonly used to improve the biocompatibility of materials. For examples, epidermal growth factors (EGFs) have been immobilized to chitosan surfaces, 77 chitosan, and then gelatin to poly (lactide-co-glycolide) acid 78 via UV-mediated process, both to improve fibroblast adhesion and proliferation on these biomaterials, thus making these materials more cytocompatible.
Injectable or in situ tissue engineering: Photochemical crosslinking has been used to polymerize hydrogels made of both synthetic and natural biomaterials such as polyethylene glycol (PEG), 79 alginate, and hyaluronan. 80 Readers are directed to reviews 18, 81, 82 on photopolymerization of hydrogel materials. The most important feature of photopolymerized hydrogel is the ability to undergo the sol-gel transition in situ, in other words, to apply as a liquid, initiate lightactivated polymerization, and then form the gel at the injury site. As a result, many biological molecules or living cells can be entrapped within the solid gel network, acting as a convenient drug or cell delivery device. The temporal controllability of photoactivated process can be achieved by shining light after, during or immediately before injection. This also enables homogenous distribution and easy delivery of cells or biomolecules in the material when it is at its liquid state. For example, photopolymerization of PEG diacrylate derivatives resulted in microspheres entrapping islets, which remained viable for prolonged periods and were glucose responsive. 83 The mechanism of photopolymerization of hydrogels has been suggested to be radical chain polymerization, in which the rate of initiation depends on parameters such as photoinitiator concentration and light intensity, the rate of propagation or polymerization depends on the occupation rate of double bonds by the radicals formed, and the rate of termination depends on the amount of radicals formed. 18 The mechanisms of the photopolymerized hydrogel in cell and drug delivery are easy to comprehend, as polymer chain networks are formed from single chains and therefore entrap the molecules or cells being delivered, while the rate of degradation of the polymerized material is based on hydrolysis and enzymatic breakdown. 18 The advantage of photochemistry-based process over thermal process is the physiological relevant temperature (338C-468C), 2, 84 which retains the stability and bioactivity of the proteins during the encapsulation process. As a result, photochemically processed hydrogels and structures are most suitable for drug delivery and cell delivery applications. 67, 82, 85 Natural biomaterial-based photopolymerization systems such as gelatin, hyaluronan, dextran, and chitosan usually need chemical modification to provide photocrosslinkable moieties. 18 UV seems to be the dominant light source to photopolymerize synthetic hydrogel systems, whereas visible light is commonly used for naturally occurring systems 18 perhaps due to the well-known damaging effects of UV on biomolecules such as proteins and DNA. Multiphoton excitation at the NIR region (780-850 nm) with femtosecond pulses, and the subsequent nonlinear absorption of photons at extremely high intensity has been found effective in photochemical crosslinking proteins such as fibrinogen, ConA, bovine serum albumin, fibronectin, and type I collagen in the presence of photosensitizers. 85, 86 Controlled release drug delivery: Many photopolymerizable hydrogels such as PEG methacrylate derivatives, polyvinyl alcohol derivatives, and dextran methacrylate are by default controlled release drug delivery systems 18,81 because many parameters, including the light factors, the material factors, and the drug factors, can be controlled so as to achieve controlled release. Photochemical reactions add further spatial and temporal controllability in the release patterns and rates of the immobilized or loaded biomolecules or drugs to many drug delivery systems, which can selfassemble or polymerize from smaller units into gels or fibrous meshwork under conditions such as ionic and hydrophobic interactions, 82 such as alginate, hyaluoronan, fibrinogen, 87 and collagen. 88 Taking collagen as an example, collagen extracted from natural sources is able to selfassemble into gels consisting of fibrous meshwork for more than two decades 88 and has been used to deliver protein drugs 89 and cells. 90 However, the fibrous meshwork formed by such self-assembled process is still very open that the mesh size is around 300-400 nm. 91, 92 This loose meshwork is difficult to retain bioactive molecules or drugs, which are usually less than several nanometers in size, within the meshwork by providing diffusion barriers. 91, 92 Photochemical crosslinking using photosensitizer rose Bengal and green light has been used to modify the release properties of proteins, including bovine serum albumin and nerve growth factor, from collagen microspheres and slab gels. 91, 92 The mechanism of photochemical crosslinking in controlling the protein release rate in these collagen structures is not entirely known but has been suggested as a secondary retention mechanism that may involve multiple protein-matrix interactions, including, but are not limited to, electrostatic and hydrophobic interactions with the entrapped proteins. 91, 92 Generation of patterns for substrate, cell, and biomolecules: In photochemical reactions, spatial and temporal control can be exerted because the reaction only occurs when all necessary components, including the photosensitizer, the material, and the light source, are present simultaneously. This controllability in where and when the photochemical reaction occurs enables generation of patterns in the substrate material, the cells bind to the substrate or the biomolecules immobilized in the substrates. Poly(acrylic acid)/ polyacrylamide-based multilayer films has been irradiated with UV irradiation through a photo mask, resulting in micropatterns of the substrates and therefore patterned adhesion of MG63 and L929 cells. 93 Cell patterns can also be generated by creating gradient patterns of bioactive molecules. UV irradiation has been used to photoimmobilize EGF at patterned locations via the phenyl azide functionality of the Sulfo-SANPAH, a heterobifunctional crosslinker, so as to create EGF gradient. 94 Human keratinocytes have been found fivefold faster in migration on such patterned surface than on the control surfaces. 94 Spatially resolved photolysis of an EGF-immobilized synthetic polypeptide resulted in patterned and gradients chemotactic and mitogenic signals, and therefore resulted in spatial patterning of fibroblasts. 95 
Potential Toxicities and Remedies
Whether there is any adverse effect on cells is an important question to ask if photochemical crosslinking is to be used in tissue engineering for future clinical application. Major potential toxicities of photochemical reactions are chemical, thermal, or photochemical in nature. First, chemical toxicity should come from the photosensitizer/photoinitiator/ photocrosslinker. However, pure chemical toxicity of the photosensitizer has not been studied at all. Nevertheless, the chemical toxicity is speculated to be low because many photosensitizers are vital dyes for cells. For example, rose Bengal has been used as a vital dye in the diagnosis of ophthalmological diseases for decades at concentrations up to 1% (w/ v). 96 Moreover, the concentration of photosensitizer used in photochemical reaction is usually low due to their high quantum yield 1 and therefore reduces the possibility of having chemical toxicity if any on cells. Second, thermal toxicity comes from the light source of the system, be it laser or LED, but the thermal toxicity should also be relatively low due to the theoretically nonthermal nature of photochemical reactions. Nevertheless, thermal damage is still possible if the irradiance of laser is high as demonstrated in previous studies. 2, 41 In the skin bonding study, maximal temperature at the skin surface increased rapidly to >608C at a higher irradiance (1.68 W/cm 2 ) but maintained <408C at lower irradiances (1 W/cm 2 ). This high irradiance was found to be correlated to the presence of cell necrosis and collagen denaturation in the photochemically bonded skin samples. 2 Cooling via air or water is the most efficient means to prevent thermal damage, and a lower irradiance (well below 1 W/ cm 2 ) 2 is always safer to use. Apart from thermal toxicity, radiation toxicity is also related to the light source. UV is able to denature proteins and damage DNA. As a result, UV-induced loss in bioactivity of proteins and mutagenicity of cells may be resulted. Third, photochemical toxicity is the major type of toxicities of photochemical reactions and is due to the presence of the reactive oxygen species produced. In PDT, the photochemical toxicity on cells acts as a mechanism of cell killing 97 and is a wanted action, but in PTB 2 and biomaterial processing, 4, 59 any photochemical toxicity on cells present at or near the site of crosslinking is unwanted. Some studies claimed no cytotoxicity, 98, 99 while others reported toxicity.
2,18
Those studies claiming no toxicity need careful verification, as, theoretically, oxidative stress and damage should present due to the large amount of reactive oxygen species generated, but it is possible that some cells may survive the crosslinking process and further proliferate. Remedies to photochemical toxicity are to confine the photosensitizer within the materials being crosslinked rather than the surrounding cells. Supplementing the photosensitizer to the materials before adding cells is a possible way to reduce photochemical cytotoxicity, at least in 3T3 fibroblasts exposing to argon laser and rose Bengal (data not shown).
Challenges and Opportunities
This section discusses the key challenges faced by applying photochemistry in tissue engineering and various opportunities for future development in this field.
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Difficulties on mechanistic studies in dense matter materials
Investigating the detailed mechanisms of photochemical crosslinking is challenging. Direct evidence of covalent bond formation by methods such as Fourier transform infrared spectroscopy is lacking in biomaterials being processed because it is a challenging task to investigate detailed mechanisms of photochemical crosslinking in dense-matter materials compared with the simple chemistry system where samples are in extremely diluted concentrations. Extremely thin films of the crosslinked materials are necessary for Fourier transform infrared spectrum analysis. Moreover, identification of specific groups, in the material samples, reactive with the photosensitizer deserves further investigation. This can be realized by blocking a particular functional group or amino acid or chemically modifying a specific group or moiety with known mechanism and then evaluating the effects of the blocking or modification on the crosslinking efficiency. This shall yield important information on the significance of these functional groups on the crosslinking mechanism. For new comers in this field, to photochemically crosslink their materials, it is easier to start with some well-known photosensitizers with high quantum yield, 1, 11 and it is necessary to screen these photosensitizers for efficient binding and staining properties using the materials.
Lack of in vivo evaluation studies
Applications of photochemical reactions in tissue engineering have to be evaluated in animal models before translating them into clinical applications. However, most studies are proof-of-principle type and in vitro, and only a few in vivo evaluation studies could be found. First, histocompatibility, biostability, degradation rate, integration with host tissue, and potential toxicity of the photochemically modified materials with or without immobilized biomolecules or entrapped cells need to be investigated. A thorough evaluation study on photooxidized pericardial heart valves from bovine and porcine sources has demonstrated that the implants were noncytotoxic, nonhemolytic, and nonmutagenic 3 months postimplantation in rabbit models, while the low antibody level elicited was not due to the photooxidation process although new epitopes possibly collagen crosslinks might be generated. 65 The same study also nicely demonstrated in sheep model that the functions of the photooxidized heart valves could last for at least 2 years with only a thin layer of host endothelial cells covering the implants. 65 Second, optimized combinations of different parameters, including the light and bioactive factor dosimetry for in situ or injectable applications, need to be determined, as the efficacy obtained from in vitro study usually cannot be directly translated into animal studies. A first in vivo evaluation study on in situ delivery of mesenchymal stem cells (MSCs) via UV-based polymerization of poly(ethylene oxide) diacrylate hydrogel, in combination with hyaluronic acid and transforming growth factor beta 3, has demonstrated in vivo differentiation of the subcutaneously transplanted MSCs into chondrogenic lineages with proteoglycan and type II collagen production in athymic nude mice. 100 This lays the foundation for future development of light-activated injectable tissue engineering. Third, the fate of the biomolecules and cells has to be tracked in vivo to understand the mechanism of actions. In this regard, noninvasive methods such as magnetic resonance imaging (MRI) in monitoring the implant changes should be explored. Although not in vivo, a photopolymerized poly(ethylene oxide) diacrylate hydrogel, seeded with bovine chondrocytes, has been imaged by MRI ex vivo.
101
The increasing glycosaminoglycan contents in the constructs well correlated with the fixed charge density of the MRI signal, suggesting the usefulness of this in situ monitoring method. 101 
Overcome limitations of existing biofabrication technology
Electrospinning has been emerged as a useful fabrication technology for fiber-based porous scaffold for some time. 102 Due to the excellent biocompatibility, natural biomaterials, including collagen and gelatin, 103, 104 become attractive candidates for electrospinning. Nevertheless, fibers made of these materials immediately dissolved upon addition of aqueous reagent. This limits the application of electrospun collagen or gelatin fibers for tissue engineering purposes. Some researchers even question whether electrospinning of collagen fiber is a rational and economical way to create fiber scaffold. 105 There are indeed advantages to use naturally occurring materials such as collagen as scaffolds because of their excellent biocompatibility and negligible immunogenicity. 106 However, modifications are needed because of their inferior physicochemical properties. Chemical crosslinking and physical crosslinking are uncontrolled, time-consuming processes. Photochemical crosslinking is able to exert spatiotemporal control over the crosslinking process and thus can initiate the crosslinking process by irradiating with the light source after the electrospinning process, while the photosensitizer can be supplemented to the polymer mixture before electrospinning. Preliminary data showed promising results of using photochemical crosslinking to solve the solubility problem with retained fiber morphology in electrospun collagen fibers. 107 
Achieve better resolution with nano-features
It is now generally accepted that cells can detect different topological cues surrounding them. 108 As a result, creating features with patterns in the substrate material surrounding cells is one of the strategies to design scaffold with desired properties. Photochemical crosslinking has been used to create micropatterns in hydrogels 109 and glass surface 110 so as to study the effects of such features on cellular activities. It is recently demonstrated that cells respond differently to nano-sized features. 110 Nanopatterns in hydrogel materials can be achieved by multiphoton-based photochemical crosslinking, as the high-intensity light has been focused to induce gelation of hydrogel materials at submicron focus where free-form fabrication in a liquid bath of the material is possible. Multiphoton microscopy-based fabrication of three-dimensional structures of protein-based materials with nano-features has been demonstrated. 85, 86 The advantage of using multiphoton-based photochemistry is the higher depth and lateral resolution of the nano-features being fabricated. Moreover, the use of IR laser as the light source further reduces cytotoxicity and offers the possibility to photochemically crosslink the materials in the presence of living cells.
Control mechanical properties of substrate material
It is generally agreed that cells are responsive to their mechanical microenvironment, which can be either the stiffness or compliance of the matrix that they are residing, or the stress and strain they are experiencing during loading. The work on inducing human MSCs to differentiate toward different lineages after seeding them on hydrogels with different elastic modulus 111 has stimulated tremendous interests in controlling and modifying the substrate stiffness for regulation of stem cell fate, an important topic in tissue engineering. Photochemical reactions are known to modify properties of biomaterials, including mechanical properties such as stiffness and elasticity. Since photochemical reactions are highly controlled reactions compared with chemical and physical processes and the modification can be remotely controlled by triggering and pausing the processes via many processing parameters, ranging from light power to material concentration, substrates with a wide range of mechanical properties can be produced. A recent work on modifying and fine-tuning the elasticity of poly(ethylene glycol)-based hydrogel via addition of a photodegradable group further suggested the potential of using photochemical reactions to prepare substrates for directing differential cell activities. 112 Photodegradable poly(ethylene glycol)-based hydrogels has been modified to give substrates of different elastic modulus simulating that of the soft tissues and has been found to activate differentiation of valvular interstitial cell into myofibroblasts.
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Conclusions
The fundamental components and mechanisms of photochemistry have been reviewed and its biomedical applications across various disciplines have been compared. Photochemistry finds the most broad and diversified applications in tissue engineering compared with other disciplines. Specifically, photochemical reactions can be used to stabilize acellular tissues and porous scaffolds, improve physicochemical properties of and modify the surface properties of many materials, polymerize or gelate simultaneously with biomolecules and cell entrapment so as to aid injectable tissue engineering and controlled release drug delivery, and generate patterns for substrate, cell, and biomolecules due to the spatial and temporal controllability of the process. Future directions in delineating the detailed mechanisms of photochemical crosslinking in processing biomaterials for scaffolding purposes, evaluating the photochemically modified materials and structures in animal models, improving existing biofabrication technologies such as electrospinning and micro-pattern generation, and controlling the substrate mechanical properties for regulating cell activities are warranted.
